Veratridine is a sodium channel toxin that exerts a powerful positive inotropic effect and prolongs the action potential duration in the heart. To determine the basis of the inotropic action of veratridine and to examine the effects of dissimilar methods of raising intracellular sodium activity on contractility, we measured twitch tension and intracellular sodium activity using sodium-sensitive microelectrodes in stimulated sheep Purkinje fibers exposed to veratridine and in voltage-clamped fibers exposed to veratridine and cardiac glycoside. In stimulated fibers, veratridine (0.1-1 fiM) produced coincident increases in intracellular sodium activity, action potential duration, and tension. In voltage-clamped fibers, veratridine (1-2 ^M) and acetylsrrophanthidin (0.1 fiM) raised intracellular sodium activity and tension to a comparable degree. Tetrodotoxin (10 TIM) abolished the mechanical, electrophysiological, and ionic changes produced by veratridine. The relationship between intracellular sodium activity and tension in voltageclamped fibers (n = 6) was indistinguishable for veratridine and acetylstrophanthidin and could be fitted either with a linear function with slopes of 122.8% and 124.2%, respectively, or with a power function with slopes of 4.60 and 4.54, respectively, where the slope represents the exponential power of intracellular sodium activity to which tension is proportional. These results indicate that the positive inotropic action of veratridine is entirely accounted for by accumulation of intracellular sodium, which increases intracellular calcium available for contraction by sodiumcalcium exchange. This study is the first direct demonstration that veratridine or any other sodium channel toxin affects intiacellular sodium activity and suggests that the inotropic potency of veratridine and cardiac glycoside rely on the same mechanism, namely, elevation of intracellular sodium. (CircRes 58: 109-119, 1986) 
SUMMARY. Veratridine is a sodium channel toxin that exerts a powerful positive inotropic effect and prolongs the action potential duration in the heart. To determine the basis of the inotropic action of veratridine and to examine the effects of dissimilar methods of raising intracellular sodium activity on contractility, we measured twitch tension and intracellular sodium activity using sodium-sensitive microelectrodes in stimulated sheep Purkinje fibers exposed to veratridine and in voltage-clamped fibers exposed to veratridine and cardiac glycoside. In stimulated fibers, veratridine (0.1-1 fiM) produced coincident increases in intracellular sodium activity, action potential duration, and tension. In voltage-clamped fibers, veratridine (1-2 ^M) and acetylsrrophanthidin (0.1 fiM) raised intracellular sodium activity and tension to a comparable degree. Tetrodotoxin (10 TIM) abolished the mechanical, electrophysiological, and ionic changes produced by veratridine. The relationship between intracellular sodium activity and tension in voltageclamped fibers (n = 6) was indistinguishable for veratridine and acetylstrophanthidin and could be fitted either with a linear function with slopes of 122.8% and 124.2%, respectively, or with a power function with slopes of 4.60 and 4.54, respectively, where the slope represents the exponential power of intracellular sodium activity to which tension is proportional. These results indicate that the positive inotropic action of veratridine is entirely accounted for by accumulation of intracellular sodium, which increases intracellular calcium available for contraction by sodiumcalcium exchange. This study is the first direct demonstration that veratridine or any other sodium channel toxin affects intiacellular sodium activity and suggests that the inotropic potency of veratridine and cardiac glycoside rely on the same mechanism, namely, elevation of intracellular sodium. (CircRes 58: 109-119, 1986) VERATRIDINE is a plant alkaloid that increases cardiac contractility and prolongs the open state of the Na + channel (Honerjager and Reiter, 1975) . Other agents (toxins) with positive inotropic effects that alter the kinetics of activation and inactivation of the Na + channel in excitable tissues include anthopleurin-A (AP-A), Ammonia sulcata toxin (ATX II), batrachotoxin, and grayanotoxin (for review, see Catterall, 1980) . These agents also profoundly affect the action potential by lengthening the duration and promoting afterdepolarizations (for review, see Katzung, 1982) . Veratridine and related substances may augment the strength of contraction in the same manner as cardiac glycoside-induced Na + pump inhibition by elevating the level of intracellular Na + . Alternatively, veratridine may derive its inotropic potency by increasing the duration of the action potential, which is a well-known positive inotropic maneuver (Beeler and Reuter, 1970) . In order to elucidate the basis of the inotropic action of veratridine, the combination of direct measurement of intracellular sodium activity (a^,) with voltage control is required to determine the relative importance of changing ah. vs. increasing the duration of depolarization.
There is ample evidence to suggest that an increase in akia should occur with veratridine. Prolongation of the Na + current has been observed in amphibian heart during exposure to veratridine (Horackova and Vassort, 1974) ; in avian heart increased 22 Na and 4! Ca influx has been found with little effect on efflux (Fosset et al., 1977) . This increase in intracellular Na + would be expected to produce an increase in intracellular Ca via the Na + -Ca ++ exchange process (Reuter and Seitz, 1968) , thereby augmenting the force of contraction. On the other hand, not all Na + channel toxins achieve positive inotropy by affecting a N ,. AP-A exerts a powerful inotropic effect without raising aN a in sheep Purkinje fibers (Wasserstrom et al., 1984) . This enhanced contractility may result primarily from prolonging the action potential plateau or from other as yet undetermined actions.
In this study, we measured a^. in beating sheep Purkinje fibers exposed to veratridine and examined the relation of the inotropic effect to aN, and to the action potential morphology. Because veratridine was found to increase twitch tension, a' Na/ and the action potential duration in a parallel manner, a^, and tension were measured in voltage-clamped sheep Purkinje fibers to remove the confounding effects of veratridine on the action potential. In this system, veratridine raised aki, and tension to a degree that was comparable to the effects of the cardiac steroid, acetylstrophanthidin, even when the duration of depolarization was kept constant. Thus, we have demonstrated another intervention relating the force of contraction to akia in addition to Na-K pump inhibition, frequency of stimulation, and holding potential (Eisner et al., 1984; January and Fozzard, 1984) . hi addition, a comparison of the actions of veratridine and cardiac glycoside under voltage control tests another important hypothesis: namely, that maneuvers that alter the Na gradient for Na-Ca exchange by two different mechanisms, increased Na + influx vs. decreased efflux by Na + pump inhibition, should have identical or at least similar positive inotropic effects. The results of this work indeed corroborate this hypothesis and provide further evidence that the mechanism of action of cardiac glycoside depends on Naj accumulation.
Methods

Action Potential Experiments
The methods for measuring aisj. and twitch tension in regularly stimulated sheep Purkinje fibers have been described in detail elsewhere (Cohen et al., 1982; Wasserstrom et al., 1982 Wasserstrom et al., , 1983 . Briefly, Purkinje strands were dissected from sheep hearts obtained fresh from a slaughterhouse. One end of the strand was pinned to the floor of the tissue chamber, while the other end was attached to a force transducer (TIL 138) by a hooked stainless steel needle. Tyrode's solution flowed constantly through the chamber (6-10 ml/min, 37°C), and had the following composition (in HIM): NaCl, 137; KC1, 5.4; NaHCO 3 , 22; MgClj, 1; NaH 2 PO<, 2.4; CaClj, 1.8; and dextrose, 5.5. The solution was constantly gassed with a mixture of 95% O2/5% CO 2 to maintain oxygenation and pH (7.2-7.3). Extracellular stimulation was delivered through silver wires insulated except at their tips at a frequency of 1 Hz (0.5 msec, 1.5x threshold). The force transducer was mounted on a micromanipulator so that the fiber could be stretched to 50-75% of L™*. Microelectrode measurements were displayed on digital panel meters, and these values were used for calculation of a^.. Once stable impalements were obtained, veratridine (0.1-1 X 10~* M) was then added to the superfusate.
The Na + -sensitive microelectrodes (Na-ISE) were prepared as previously described in detail . In later experiments, glass blanks were made from WPI thin-wall borosilicate glass without fibers (WPI TW 150), as opposed to the thick-wall glass with fibers (WPI IB 150F) used in early experiments. Aside from this modification, the technique for preparing Na-ISE conforms to the description of the reference. Calibration was performed at 37°C with solutions of 150 DIM, 100 ITIM, 30 mM, 10 rriM, 3 mM, and 1 ITIM NaCl made up to a total concentration of 150 mM monovalent salt with KC1. The addition of veratridine to the solutions did not affect the calibration values for the Na-ISE. Electrodes were selected that showed voltage changes of greater than 48 mV between 10 and 100 mM Na + . Negative capacitance compensation greatly reduced the response times of the Na-ISE; Circulation Research/Vol. 58, No. 1, January 1986 time constants averaged between 200 and 750 msec. Voltage measurements for Na-ISE were obtained with a high impedance electrometer (WPI FD 223). The activity coefficient used was 0.76 .
Continuous stimulation at 1 Hz was used during these experiments to obtain accurate measurements of twitch tension. Brief pauses several seconds longer than the time constant of the Na-ISE were introduced every 2-3 minutes, so that aL could be accurately measured.
Voltage Clamp Experiments
Free-running Purkinje fibers less than 200 /tm in diameter were selected, and segments approximately 1.5 mm long were tied off with silk suture. One end of the fiber was secured to the bottom of the tissue chamber with a stainless steel pin, and the other end was attached to a photoelectric force transducer. The spring arms of the transducer were made of modified thin strips of phosphobronze (0.001-inch thick) that increased the sensitivity. Fibers were stretched to approximately 140% of their resting lengths.
The general method for voltage clamping is similar to that described by Gibbons and Fozzard (1975) . The twomicroelectrode technique was used. Current electrodes were filled with 2 M potassium citrate and the voltage electrodes with 3 M KC1. Tip resistances ranged between 5 and 15 mft. The current electrode was inserted in the center of the fiber; the voltage electrode was placed midway between the current electrode and one end of the fiber. A grounded shield was interposed between the electrodes. A Na-ISE was inserted within 100 /an of the voltage electrode. Capacitance compensation resulted in response times for the Na-ISE that were generally less than 1.0 second. The sodium concentration was calculated from the difference of the voltage and Na + electrode potentials according to a program imposing a best fit of the calibration data to the+ Nicolsky equation using+ a selectivity coefficient for Na with respect to K of 0.025 (r values generally X).99). Results obtained with this method correlated closely with determinations made directly from the calibration curve.
In the early voltage clamp experiments, fibers were held at a potential of -80 mV and depolarized to 0 mV for 200 msec at 0.5 Hz. Sodium was measured in this protocol without stopping the depolarizing pulses, because the Na-ISE was equilibrated completely at the end of the 1.8second period between clamp steps. In later experiments, the protocol was revised so that a greater positive inotropic effect with veratridine could be produced. The fibers were held at -75 mV and were clamped to -10 mV for 350 msec at 1 Hz. Clamping to a more negative potential for a longer period and a larger percentage of time theoretically should increase both the driving force and the length of time for Na + influx across veratridine-modified Na + channels. This, in turn, may produce Na + accumulation and an increase in force generation. Because of the higher frequency of depolarization, clamp steps were discontinued for 2-5 seconds to allow equilibration of Na microelectrode recordings. Both protocols induced positive inotropic effects with veratridine, but the second protocol consistently resulted in larger effects.
All data were recorded on Gould Brush 220 chart recorders and magnetic tape. Voltage, VM^ tension, and current were also displayed on a storage oscilloscope (Tektronix 5113) and were photographed intermittently at the time of the experiment.
Comparison of sample means for the slopes of the a|su- is displayed as the difference potential tracing 10 mg (V NM -V M ); stimulation was interrupted briefly in order to obtain a stable value for N» Note that these traces are from strip chart records whose frequency response is inadequate to reproduce faithfully the rapid phases of depolarization and repolarization of the action potential. 
Results
Experiments with Stimulated Action Potentials
Effects of Veratridine on the Action Potential, Tension, and a' Na Figure 1 shows the typical effects of veratridine (10 M) on the action potential, aN a , and tension compared to control. The action potential was lengthened by veratridine with the action potential at 50% and 90% of repolarization (APD50 and APD 90 ) increasing from 120 to 180 msec and 180 to 324 msec, respectively. Tension increased by 140% (top part of Fig. 1 ), while aw a increased from 8.7 mM in control to 10.9 mM after veratridine (bottom part of Fig. 1 ). Figures 2 and 3 display the effects of veratridine on the action potential and tension and the time course of these changes with aN. measurements. In Figure 2 , control maximum diastolic potential (MDP) was -77 mV, overshoot was +30 mV, and the APD 50 and APD 90 were 137 and 206 msec, respectively (top left of figure). After 5 minutes of exposure to veratridine, MDP had increased slightly to -81 mV, overshoot was +38 mV, and tension had increased from 20.6 mg (control) to 22 mg. APD50 increased to 301 msec and APD 90 to 458 msec. After 10 minutes of exposure to veratridine, MDP was -79 mV, overshoot was +32 mV, and tension was greatly increased to 45.6 mg. The most prominent effect was on the duration of the action potential, which had increased to 452 and 678 msec at APD50 and ADP 90 , respectively. The lower right panel of this figure shows continuous superimposed oscilloscope sweeps of the onset of action of veratridine over the first 4 minutes of the exposure period. Figure 3 shows that the lengthening of the action potential, rise in a' Na/ and increase in twitch tension occur with the same time course. Because the onset and resolution of these changes are coincident, it is difficult to ascribe the inotropic action of veratridine exclusively to the elevation of a' Na . Nevertheless, Figure 3 clearly indicates that the changes in force are not at any point dissociated from the changes in
Relationship between a' Na and Twitch Tension in Stimulated Fibers
In Figure 4 , a^, and force for the experiment in Figures 2 and 3 are plotted on arithmetic axes. The relationship between aN a and tension during onset and washout of the effects of veratridine appears to be linear over the range of the experiment and can be fitted by linear regression with a correlation coefficient of 0.976. In this and other similar experiments, there was no evidence of a hysteresis in this relationship.
The data obtained from all sheep Purkinje fibers exposed to veratridine (0.1-1 X 10~6 M) are presented in Table 1 . These data are plotted in Figure  5 slope of this relationship indicates that a 74% increase in force was associated with an increase in a' Na of 1 mM. In addition, there is no apparent hysteresis in the overall relation between aN a and force.
Voltage Clamp Experiments
Voltage Control in Voltage-Clamped Purkinje Fibers Exposed to Veratridine
In the experiment shown in Figure 6 , a standard voltage recording electrode (V m ) and an independent electrode (VWD) located 250 fim from V m were impaled, in order to verify that homogeneous voltage control could be maintained in the presence of veratridine. The fiber was clamped from a holding potential of -78 mV to -10 mV for 350 msec at 1 Hz. Both electrodes record almost identical voltage traces in the control state and after veratridine (10~6 M) has been added. The typical change in net current with veratridine, notably the occurrence of an inward tail current on repolarization, is demonstrated 
FIGURE 5. Relation between ai,. and twitch tension for all experiments with veratridine (0.1-1 x 10~* M). The number of experiments of each phase of drug action is indicated. Standard error bars were omitted for clarity of the illustration.
in the right panel. In the bottom panel, the difference potential tracing confirms that there is minimal voltage variation between the two recording sites at the holding potential and step potential before and during veratridine exposure.
Effects of Veratridine and Cardiac Glycoside on Tension, a' N l u and Current in Voltage-Clamped Fibers
In another series of experiments, Na + pump inhibition was performed to compare the effects of an inotropic maneuver primarily dependent on raising a' Na by Na + pump blockade with the effects of veratridine. In Figure 7 the voltage step, current trace, and twitch tension are shown for a fiber exposed to 10~6 M veratridine and then 10~7 M acetylstrophanthidin (AS) after washout of veratridine. Figure 8 displays the aN a measurements for the experiment shown in Figure 7 . The fiber was clamped from -73 mV to -6 mV for 350 msec at 1 Hz. Veratridine raised tension and a^, while shifting the current trace to a net inward direction during the voltage step and producing a large inward tail current on repolarization. Twitch increased from 68 to 194 jig while a' Na rose from 6.9 to 9.3 mM. Acetylstrophanthidin produced a comparable effect with twitch increasing from 76 to 178 /tg while a' Na rose from 7.0 to 9.2 mM. Figures 7 and 8 show that changing a' Na/ either by altering Na + current kinetics with veratridine or by inhibition of the Na + pump, has the same effect on the magnitude of the twitch. The results of this experiment are representative of a total of six different exposures in four fibers which were exposed to veratridine and AS (after washout) under voltage clamp conditions. As noted in Methods, in some fibers voltage pulses of 200 msec at 0.5 Hz were applied. Figure 9 shows the results of an experiment in which a fiber treated with veratridine was then simultaneously exposed to tetrodotoxin (TTX), an agent which reversibly blocks Na + channels. Veratridine (2 X 10" 6 M) augmented twitch and produced the characteristic current changes (center panel). Twitch and aki a increased from 170 /xg and 8.3 mM, respectively, during control to 236 ^g and 9.0 mM, respectively, after 10 minutes of exposure to veratridine. When TTX (10~5 M) was added to the superfusing solution containing 2 X 10~6 M veratridine, the effects of veratridine on twitch, a}^, and current were abolished (right panel). The twitch magnitude and aki a fell below the level of control (82 ^g and . Effects of veratridine and acetylstrophanthidin (AS) on tension and current. The holding potential was -73 mV; voltage steps to -6 mV were applied for 350 msec at 1 Hz. Exposure to veratridine (KT6 u) shifted membrane currents to a net inward direction during the voltage steps and produced a large inward tail current on repolarization (see arrow). AS (10~7 M) minimally affected currents. Veratridine and AS increased tension to a comparable degree.
Effects of Tetrodotoxin on Fibers Exposed to Veratridine
msec
7.2 mM, respectively). The effect of TTX washed out after 3 minutes, whereas the effect of veratridine lingered for approximately 20 minutes. The reversal of the actions of veratridine with TTX supports the hypothesis that veratridine produces its cardiotonic effect by permitting excess Na + influx through modified Na + channels.
Relationship between a' Na and Twitch Tension
The relationship between a^a and twitch tension found in the experiment in Figures 7 and 8 is represented graphically in Figure 10 . In panel A, the data for veratridine are plotted on a linear scale, and the correlation coefficient exceeds 0.99. A similar linear relationship is produced with AS, which is displayed on the same graph (r = 0.985). The slopes for the relationship for the two agents expressed as percentage increase in tension for a 1 mM increase in aU are 58.0% and 44.9% for veratridine and AS, respectively. When the data for veratridine and AS are logarithmically transformed, straight lines corresponding to power functions can be fitted. The equation, twitch tension = b (aNa) y , used by Eisner et al. (1984) and Im and Lee (1984) , for which b is the intercept and y is the slope, describes this function. The slopes for veratridine and AS are 3.7 and 3.1 with correlation coefficients of 0.995 and 0.986, respectively, for the power regression.
In Table 2 the slopes of the relationship between aN, and tension for the total of six exposures to veratridine and AS are presented as mean values (± SE) for a linear and power function. The correlation coefficient for each exposure was greater than 0.9 (usually >0.95) whether regression analysis for a linear or power function was performed. Table 2 shows that the relationship between aki a and tension has the same slope for both veratridine and AS, regardless of which function was used to relate the two variables. The slope for the power function (4.5-4.6) is similar to that previously reported by Eisner et al. (1984) and by Im and Lee (1984) , 3.2 and 6.1, respectively, although the latter value was obtained from aki a manipulations which also caused resting potential and action potential duration to vary. Figure 11 shows the results of an experiment in which the length of the clamp step was varied in order to examine the contribution, if any, of duration of depolarization to the positive inotropic effect of veratridine. The fiber was held at -76 mV and voltage pulses to -5 mV for 350 msec were applied at 1 Hz. After exposure to veratridine (2 X 10~*M), twitch tension and a' N a increased from 102 fig and 7.1 mM, respectively, during control (left panel) to steady state values of 606 Mg an d 12.6 mM (center panel). At this point, the clamp step duration was lengthened to 650 msec while the driving frequency was maintained at 1 Hz. A transient increase in tension occurred that lasted less than 2 minutes. Subsequently, tension and aN a declined to 562 ftg and 12.2 mM, respectively (right panel), which are below the steady state values obtained at 350 msec. Further reductions in twitch tension and aki a occurred over time at clamp steps of 650 msec in 0 mV for 200 msec from a holding potential  of -74 mV were applied at 0.5 Hz. Veratridine (2 x KT* tt) produced the typical  changes in current with a large inward tail  current on repolarization and increased  twitch tension substantially. TTX (lO~i u) reversed the changes in tension and current induced by veratridine.
Effects of Clamp Duration on Tension and a Na in Fibers Exposed to Veratridine
. Effects of veratridine and TTX on currents and twitch tension. Clamp steps to
mi<c
duration. The magnitude of the inward tail current on repolarization produced by veratridine after a 650-msec clamp step was moderately reduced compared to the tail current generated after a 350-msec step. The results of this experiment are similar to the findings of two additional experiments performed with the same protocol.
Discussion
The present study demonstrates that the inotropic action of veratridine is directly related to the accumulation of Nai as a result of excess Na + influx through modified Na + channels. The electrophysiological, ionic, and inotropic responses to veratridine observed in stimulated Purkinje fibers all can be attributed to a solitary action of the toxin on Na + channel kinetics. When the voltage changes induced by veratridine are eliminated in the voltage clamp experiments, it becomes evident that changes in aNa are the primary source of the inotropic potency of veratridine. Furthermore, the results of the voltage clamp experiments confirm that two dissimilar techniques for raising a' + Na , alteration of Na + channel kinetics and Na + pump inhibition, achieve comparable positive inotropic effects when other variables are controlled.
Technique for Measuring a}*.
Measurements of a' N a were obtained,by briefly stopping the stimulus or voltage clamp trains. This allowed the voltage recorded by the Na-ISE to settle to a stable value representing aki,. An alternative approach (Im and Lee, 1984; Eisner et al., 1984) has been used to measure aki, by filtering both V m and V NS through low pass filters. The similarities between results obtained using these different techniques (e.g., the slopes of the a Na -tension relationship) suggest that both approaches are valid and provide a system of verification for the two methods.
Action Potential Experiments
In several studies describing the effects of veratridine on the cardiac action potential and twitch tension, the prolongation of the action potential and positive inotropic effect have been found to develop concurrently (Horackova and Vassort, 1974; Arbel et al., 1975; Honerjager and Reiter, 1975) . Conversely, interventions that normalize the action potential such as treatment with TTX (Honerjager and Reiter, 1975) or local anesthetic drugs (Vassalle and Bhattacharyya, 1980) abolish the increase in contractility produced by veratridine in ventricular muscle and Purkinje fibers.
In the present work, similar effects on tension and action potential duration in stimulated Purkinje fibers were found. In addition, these changes for the first time were correlated closely with a rise in a' Na determined by direct measurement. This finding is not unexpected based on the results of previous voltage clamp studies of the effects of veratridine on membrane currents. Ulbricht (1969) showed in nerve that veratridine attenuates the voltage-dependent inactivation of Na + channels, while Horackova and Vassort (1974) found that veratridine increased the inward Na + current by slowing the inactivation of Na + conductance in frog atria. Therefore, the same mechanism that distorts the action potential, i.e., maintenance of the open state of the Na + channel, also is responsible for the elevation of a^a that we observed. The Na + pump cannot completely compensate for this increased influx of Na, because a^, first must rise in order to achieve pump stimulation. When a new equilibrium is established between the increased Na influx via the inward Na current and Na efflux via the Na pump, aw. will stabilize at a higher value. In a similar manner, high stimulation rates also result in an increased Na influx and produce Na accumulation (Cohen et al., 1982) .
The relationship between a N0 and tension found with veratridine in stimulated fibers in the present study is similar to that obtained with cardiac glycoside-induced Na + pump inhibition in free-running sheep Purkinje fibers (Wasserstrom et al., 1983) . In both studies, the relationship appeared to be linear over the range of change in aN a studied. The differences in slope between the present and previous studies (74 vs. 120% A tension/1 HIM A aN a , respectively) best are accounted for by the higher [Ca ++ ]o used in the earlier study (2.4 mM), although changes in action potential duration may also affect this relationship. In our experiments with stimulated fibers, the prolongation of the action potential may play a causative role in the augmentation of force or may simply be an epiphenomenon associated with excess Na influx, but not responsible for the inotropic action of veratridine. Lengthening the duration of depolarization is known to increase the strength of contraction (Beeler and Reuter, 1970; Fozzard, 1971, 1975) ; however, this effect appears to level off at durations greater than 300-400 msec. In the present study (Fig. 3) , progressive increases in tension are associated with action potential du- Results represent mean value ± SEM (n = 6). * Slope is derived from regression equation T = A + B(alj.), where B is the slope expressed as %A tension/1 mM A aN,.
f Slope is derived from regression equation T = b{aN.)3' , where y is the slope. J Difference is not significant compared to mean value for veratridine as determined by paired Mest. rations as long as 800 msec, a duration at which voltage effects on tension should not be prominent.
More recent studies provide other, fresh evidence that long depolarizations may affect contractility. A very slowly inactivating inward current carried by Ca and variously designated as Io,« or Lj, 3 has been identified in single myocyte preparations (Hume and Giles, 1983; Lee et al., 1984) . This persistent Ca ++ current may flow during the plateau of the action potential and may contribute to the loading of cells with Ca*" 1 " during the later phases of depolarization, thereby influencing the strength of contraction. According to this scheme, the mode of action of veratridine may be based on the potentiation of this current by altering the action potential duration. Alternatively, long depolarizations may promote Ca entry during the action potential plateau by the Na-Ca exchange mechanism which may be voltage sensitive and directed toward Ca influx at relatively positive potentials (Chapman, 1983) . Although our experiments with stimulated action potentials do not resolve which variable, voltage or akia, primarily controls tension, these experiments do establish that veratridine raises aw, under conditions in which the physiological responses to the toxin operate freely.
Current Changes Induced by Veratridine
In the experiments with voltage-damped fibers, a large inward tail current was produced by repolarization to potentials around -75 mV; also, the net current during clamp steps tended to shift in the inward direction. These current perturbations are the consequence of a sustained, very slowly inactivating inward Na + current and, accordingly, are antagonized by TTX ( Fig. 9 ). Identical current responses with veratridine and TTX were found by Horackova and Vassort (1974) in frog atria. In their system, peak net inward currents were generated by pulse steps of lower amplitude. Anthopleurin-A and ATX n, other toxins that prolong the open state of the Na + channel, also produce similar current changes in voltage-damped guinea pig muscle and single bovine and guinea pig myocytes (Hashimoto et al., 1980; Isenberg and Ravens, 1984) . In addition, . Effects of duration and veratridine on tension, current, and a' N , The fiber was held at -76 mV; voltage steps to -5 mV were applied at I Hz. Exposure to veratridine (2 X 1O~* M) with clamp steps of 350 msec increased a' N , and tension while inducing typical current changes. Lengthening the pulse duration to 650 msec reduced tension, a' N , and the magnitude of the inward tail current. Note the different time scale for ajj, measurements and the brief interruption of clamp steps required to obtain stable values.
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greater net inward current developed at more negative clamp step potentials (approximately -30 to -10 mV). These findings agTee nicely with our observation that greater positive inotropy was achieved with depolarizing steps to -15 mV as opposed to 0 mV. Maximum positive inotropy probably occurs at the clamp voltage where there is the most favorable balance between the slow inward current which peaks around 0 to +10 mV and Na + influx which is greatest at more negative potentials. The presence of a large inward tail current indicates that substantial Na influx occurs during repolarization to negative potentials where the driving force is maximal for Na + entry through Na + channels which are still not inactivated.
Changes in a^ in Voltage-Clamped Fibers
When the clamp step duration is held constant at either 200 or 350 msec, exposure to veratridine increased the strength of contraction and aN a in a parallel manner. A comparable effect on tension and a' Na was observed with acetylstrophanthidin after veratridine was washed out. Furthermore, the administration of TTX lowered aU and at the same time counteracted the inotropic effects of veratridine. This close relationship between changes in tension and changes in a' Na implicates Nai accumulation as the principal mediator of the inotropic activity of veratridine. This elevation of a' N a secondarily increases the Ca ++ available for contraction by decreasing the gradient for Na + -dependent Ca ++ efflux that occurs via the Na-Ca exchange process (Reuter and Seitz, 1968) . A study employing embryonic cardiac cells in culture strongly supports this notion. Veratridine stimulated 45 Ca uptake that was dependent on Na + and was completely inhibited at concentrations of Na<, + less than 10 mM (Fosset et al., 1977) . The demonstration of a rise in a' Na explains many of the findings of Honerjager and Reiter (1975) , who noted that veratridine exerted greater positive inotropic effects at higher frequencies and following exposure to cardiac glycoside. Increased rate of stimulation and Na + pump inhibition are known to increase a' Na (Cohen et al., 1982; Wasserstrom et al., 1983; January and Fozzard, 1984) , and therefore should amplify any elevation of a^, produced by veratridine.
An alternative hypothesis relating aki a to tension is that elevation of intracellular Na enhances contractility by increasing Isi, possibly through small rises in diastolic Caj (Marban and Tsien, 1982) . These investigators detected increases in I,! not only with digitalis but also with veratridine. Whereas the present study was not designed specifically to address this theory, it should be pointed out that acetylstrophanthidin did not alter membrane currents (Fig. 7) , although the substantial outward currents may have obscured minor changes in inward currents. In addition, in the study by Marban and Tsien (1982) , veratridine may have induced inward Na + currents that overlapped with and distorted 1^ even at the holding potential of -50 mV used to examine the inward calcium current. Ulbricht (1969) found significant steady state activation of Na + channels and inward currents in nerve at potentials above 0 mV where net current flow ordinarily is outward. Also, even if present, the effect on In may not be substantial. Finally, the slow inward current observed by Marban and Tsien may have been generated in part by electrogenic Na-Ca exchange expelling Ca" 1 "" 1 " ions (Noble 1984) . This would explain why such a current is activated by high Cai. The current changes observed by veratridine therefore may be a marker for enhanced Na-Ca exchange activity without accounting for the positive inotropy. Nevertheless, some of the cardiotonic action of veratridine may be derived from an effect on Lj either directly or indirectly as a consequence of raising aNj (and/or ab,) .
Estimation of Additional Na + Load
The additional Na + load imposed on the Purkinje fiber by veratridine can be approximated roughly from analysis of the current changes induced by veratridine. For example, in the experiment illustrated in Figures 7 and 8 , the difference between the current traces for control and peak veratridine effect represents the excess influx of charge that can be attributed to the effect of the toxin on the Na + channel. Integration of the change in current over time for this experiment yields a value of 7.4 X 10~8 coulombs of excess charge per cycle, which is equivalent to 0.05 mM of Na + entry per cycle for the fiber. At a frequency of 1.0 Hz, an extra Na + load of approximately 3.0 mM enters the fiber each minute. This amount of Na entry is easily within the range of compensation of the Na pump (Eisner and Lederer, 1980) . This rough estimation demonstrates that the measurements of a' Na and current are consistent with each other.
Relationship between ai*. and Tension
The strong similarity in the inotropic responses for veratridine and AS is apparent from Table 2 where the mean slopes of the aN.-tension relationships for the two agents from all experiments are essentially indistinguishable. This finding suggests that veratridine and AS achieve their positive inotropy through the same mechanism, increasing a' Na . Previous studies manipulating aU by Na + pump inhibition, membrane potential, and depolarization frequency (Eisner et al., 1984; January and Fozzard, 1984) have shown that a^a determines the magnitude of twitch tension under voltage damp conditions. Treatment with veratridine now is confirmed as another intervention that affects contraction through changes in a' Nt independent of voltage effects. Moreover, our results also demonstrate that the relationship between aN a and tension is a consistent one, even when different means of changing ajsja are used. It is critically important that other variables, such as voltage and extracellular ionic concentrations, be controlled if this relationship is to be evaluated comparatively, because a' N . is not the exclusive regulator of tension.
The relationship between aki a and tension easily fits a linear function for the data from stimulated Purkinje fibers. The results from the voltage clamp experiments correlate well with a linear function or a power function. Thus, the present study does not discriminate among the various possible relationships between a' Na and twitch tension. A larger range of variation for a^a rnay have revealed points at the extremes that better defined a specific function. In Circulation Research/Vol. 58, No. 1, January 1986 light of the study design, the pertinent observation from our results is not that the relationships for glycoside and veratridine describe a particular function, but, rather, that the relationships are so similar.
Role of Duration of Depolarization
When the duration of depolarization is lengthened after a steady state effect with veratridine has been achieved, a brief increase in tension occurs that is followed by a decline in tension and a^,. The transient augmentation of tension may be due to a short period of increased Na + influx that is promoted by the longer pulses; a transient rise in aN a was observed in one experiment. An effect of duration to load cells with Ca ++ through Lj or the Na-Ca exchange mechanism cannot be excluded. Nevertheless, the overall effect of longer pulses is to reduce tension, most likely on the basis of the associated slowly developing decline in aN a . Longer clamp steps diminish the inward tail current which probably is responsible for a substantial amount of Na + loading. Also, the overall driving force for Na entry is attenuated when the fiber is kept at relatively positive potentials for a greater proportion of time. In the face of continued high Na pump activity, a^, should fall with the longer clamp steps as Na influx declines.
These results confirm the preeminence of changes in aL as the mechanism regulating contractility with veratridine. Lengthening the duration of depolarization to a degree that is comparable to the prolongation of the action potential produced by veratridine does not account for the majority of the positive inotropic effect of the toxin and, on balance, has a negative inotropic effect. The complex and dynamic response to altering the duration of depolarization underscores the need to keep duration constant, if the relationship between a^ and tension is to be examined.
